Intrinsically disordered proteins carry out many important functions in the cell. However, the lack of an ordered structure causes dramatic signal overlap and complicates the NMR-based characterization of their structure and dynamics. Here we demonstrate that the resonance assignment of 441-residue Tau and its smaller isoforms, htau24 (383 residues) and htau23 (352 residues), three prototypes of intrinsically disordered proteins, which bind to microtubules and play a key role in Alzheimer disease, can be obtained within 5 days by a combination of sevendimensional NMR spectra with optimized methods for automatic assignment. Chemical shift differences between the three isoforms provide evidence for the global folding of Tau in solution.
In the past decade intrinsically disordered proteins (IDPs) obtained significant attention as more than 30% of eukaryotic proteins comprise unstructured regions larger than 50 consecutive residues. 1 A hallmark of IDPs is the lack of a well-structured threedimensional fold. 2 Despite the absence of a rigid secondary or tertiary structure, IDPs carry out many important functions in the cell, for example the regulation of transcription and translation, the storage of small molecules, and the regulation of the self-assembly of large multiprotein complexes. 3 Tau, a prototype of IDPs, binds to microtubules and plays a key role in Alzheimer disease. 4 Since disordered proteins tend to be highly flexible and have variable conformations, they have mostly not been amenable for structure analysis by crystallography. Thus NMR spectroscopy is the only method that allows a description of their conformations and dynamics with high resolution. 5 The lack of an ordered structure, however, causes dramatic signal overlap limiting previous NMR investigations of IDPs to around 200 residues (e.g., refs 6, 7). For the largest Tau isoform with 441 residues, htau40 ( Figure  1 ), the number of overlapping signals is 3.5-fold higher than that in the largest currently assigned globular protein. 8 In addition, the large number of proline residues, the strongly repetitive primary sequence in the repeat domains, and the complexity of the sequence further complicate the resonance assignment. 8, 9 Only as part of an ongoing project taking several months to years and building on the assignment of smaller fragments of Tau in a "divide-andconquer" strategy, we were recently able to assign the backbone resonances of the full-length protein. 8 Here we demonstrate that the resonance assignment of 441-residue Tau and its smaller isoforms, htau24 (383 residues) and htau23 (352 residues) (Figure 1 ), can be obtained within 5 days by a combination of seven-dimensional NMR spectra with optimized methods for automatic assignment. Chemical shift differences between the three isoforms provide evidence for the global folding of Tau in solution.
Due to the lack of stable hydrogen bonds, NMR spectra of IDPs are sensitive to solvent exchange. At pH 6.8 an increase in temperature from 5 to 35°C results in the broadening of about 20% of backbone resonances of Tau beyond detection in 2D 1 H, 15 N HSQC spectra (Supporting Information, Supporting Figure 1 ). This motivated the use of HR-detection and direct carbon detection for the assignment of IDPs. 7, 10, 11 However, when we reduced the pH to 6.0 the 1 H/ 15 N signals of Tau were not attenuated at higher temperatures but rather increased by about 40% due to reduced amide proton exchange, more rapid tumbling, and improved relaxation properties. We thus asked if the favorable relaxation properties help to acquire very highdimensional NMR spectra.
Previously, we obtained the backbone resonance assignment of Tau using 3D HACANNH and 3D HNN experiments at 5°C, pH 6.8. 8, 12, 13 Here we recorded 5D HACACONH and 7D HNCO-(CA)CBCANH experiments at 25°C, pH 6.0. To avoid prohibitively long measurement times, we employed simultaneous evolution of multiple indirect dimensions 14 as proposed in automatic projection reconstruction spectroscopy (APSY). 15 The 7D APSY HNCO(CA)CBCANH correlates in a single cross peak seven different chemical shifts (H
) and sequentially connects residues through N and H N frequencies (Supporting Figure 2) . 16 Due to the high dimensionality of the experiment, signal overlap was reliably resolved and 325 cross peaks were automatically picked by the GAPRO algorithm. The key step for the automated analysis of the Tau protein is the sequence-specific assignment of the 416 merged spin systems to the primary sequence. Because of the high dimensionality and the large number of spin systems manual assignment is very difficult. In contrast, the high quality of the peak lists makes them suitable for analysis by automatic assignment methods. Here we extended and improved the algorithm of the automatic assignment software MARS: 17 (i) H N and N connectivity information was implemented and optimized, (ii) random coil chemical shifts were adjusted, and (iii) automatic chemical shift referencing was introduced. 18, 19 Subjecting the merged 7D/5D peak list of 441-residue htau40 to the new MARS algorithm resulted in the automatic assignment of 92% of assignable residues in less than 3 h (Figure 2a ). For htau24 (383 residues) and htau23 (352 residues) we also recorded 5D HACACONH and 7D HNCO(CA)CBCANH experiments and subjected them to automatic peak picking, merging of spin systems, and assignment: 95% and 97% of assignable residues were assigned, respectively (Supporting Information, Table S1 ).
In addition, we tested if we can extend the "divide-and-conquer" strategy, which was previously used successfully for manual assignment, 8 to automatic assignment. To this end, we automatically merged the assigned 7D/5D peak list of htau23 with the unassigned 7D/5D peak list of htau40, fixed for single matches (see above) the assignment of peaks of htau40 to those obtained for htau23, and asked MARS to complete the assignment of the remaining peaks of htau40. This increased the assignment of htau40 to 93%. Comparison with the previously established manual assignment of htau40 at 5°C, pH 6.8, shows a nearly perfect match (Supporting Figure 3) . The few missing assignments are primarily located in the proline-rich region P1 (Figure  2a) , especially for residues in between two prolines. If required, these can be assigned using a 3D HACANNH or a 3D HACAN experiment, which does not rely on detection of amide protons (Supporting Figure 4) . 20 In summary, we demonstrated that the backbone resonance assignment of very large disordered proteins can be determined by automatic assignment within 5 days of measurement time and a few hours of calculation reducing the overall analysis time by more than an order of magnitude. In addition, CO and C chemical shifts are obtained, which are difficult to obtain from a manual analysis due to signal overlap, but which are important for analysis of structural propensities. The assignment of the three different isoforms of Tau established in this study at 25°C allows investigation of isoform specific differences in the structure, microtubule binding, and aggregation of Tau. 
